In this paper, we propose a novel MAC protocol with the patterned preamble technique to improve performance in terms of low power, channel utilization, and delay in wireless sensor networks. B-MAC is one of typical MAC protocols for wireless sensor networks using the duty cycle in order to achieve low-power operation. Since it works in an asynchronous fashion, B-MAC employs extended preamble and preamble sampling techniques. Even if it has outstanding performance in idle state, the overhead of these techniques is very large when packets are sent and received, because there is a lot of waste in the traditional preamble method. Instead of the simple preamble, our proposed MAC solution is to introduce more intelligent preamble with some patterns consisting of 2 phases (Tx phase & Ack phase). With this concept we implement real source code working on the mica2 platform with Tinyos-1.x version. Also, the test setup is presented, and the test results demonstrate that the proposed protocol provides better performance in terms of delay compared to B-MAC. key words: patterned preamble, MAC, wireless sensor networks, low power, channel utilization
Introduction and Motivation
Energy efficiency is the most critical and fundamental factor in wireless sensor networks, because sensor nodes have natural constraints of limited power source. Therefore, we need to adopt some techniques for low power to keep going over 1 year. However, it's impossible to develop hardware, such as MCU or RF module, working at extremely lower power than now. In this case, the most effective way of reducing energy waste is to implement low power technique at MAC (Medium Access Control) or routing protocol level [2] , [4] . In this approach, we suggest a very effective MAC protocol algorithm for not only low power but also nice channel utilization.
The proposed protocol is based on B-MAC, which is an MAC protocol designed for wireless sensor networks [3] . To achieve low power operation, B-MAC periodically sleeps and wakes up. Since it stays asleep most of time, it is very energy-efficient and can save a lot of energy. However, B-MAC employs an adaptive preamble sampling to reduce duty cycle and minimize idle listening. While this approach is simple and energy-efficient, it causes several disadvantages due to the long preamble: it is suboptimal in terms of energy consumption at the both sender and receiver; it is subject to overhearing that causes excess energy consumption at non-target receivers; and it introduces excess latency at each hop. This paper proposes a new MAC protocol algorithm which is developed from B-MAC: keep duty cycling, and improve the channel utilization, multi-hop delay.
Patterned Preamble MAC Protocol
The B-MAC protocol sleeps and wakes up periodically. Even if the sleep period is the same for all the sensor nodes, each node goes to sleep in asynchronous mode whenever it wishes. To check if there is any data to receive, preamble sampling is done during the awaken time. Figure 1 presents some disadvantages of B-MAC when an extended long-term preamble is used. We assume that nodes A, B, C, D are located in 1 hop area. If node A wants to send a packet to node C, node A first obtains the free channel through CSMA/CA. When it gets the channel, it keeps sending a preamble for the full sleep period. The first disadvantage is the overhead of the transmitter. If receiver's sleep period is 1 second, transmitter has to send preamble signal over 1 second only for 36 bytes of data packet. 1 second period of preamble signal might be over 2,400 bytes, and this means transmitter wastes around 2,364 bytes for each packet. The overhead ratio of each packet is over 99%.
We can find another disadvantage at the neighbor nodes. When node A sends out a long preamble, the neighbor nodes B and C should listen to the A's long preamble signal. As shown in Figure 1 , node B and C have to keep listening to the garbage preamble until they get the data packet. In practice, all the neighbor nodes should listen to the long preamble, like over 2,400 bytes. Finally, after they check the destination address in the packet, they will know this packet is not for them.
Algorithm
In order to solve the B-MAC problems above, the following two requirements should be addressed. First, we need to include some control information in the preamble like destination address. If nodes get the destination address from the preamble, they can make a decision whether to get back to sleep or keep listening. Second, the transmitter needs to get acknowledged by the receiver that it is ready to communicate. This enables the transmitter not to send whole preamble. If the transmitter knows when the receiver is ready, then it can start to transmit data packets immediately.
To meet these two requirements, we suggest a new preamble approach, as we call Patterned Preamble. Patterned Preamble is quite different from the previous preamble method. The traditional preamble consists of the simple bit pattern alternating 0 and 1. However, Patterned Preamble repeats some pattern with 2 phases of Transmit Preamble and Receive Ack Preamble (see Fig. 2 ) to implement a handshake procedure between the sender and the receiver. The Transmit Preamble phase is used to send out preamble bytes (2 bytes), while the Receive Ack Preamble phase is used to wait the receiver's ack preamble bytes (2 bytes) indicating that the receiver is ready. When the data rate is 250 Kbps, the duration of 2 bytes corresponds to 60 us.
In Patterned Preamble, Transmit Preamble includes a destination address, in order to let neighbor nodes check who is the right destination. Also, Receive Ack Preamble includes the same destination address as Transmit Preamble so that the transmitter can confirm this ack is from the right destination. Switching Rx/Tx period means the duration of changing RF mode, which is a fixed value depending on the RF chip, e.g., 250 us for CC1000 [6] . The transmitter repeats these patterned preambles with 2 phases continuously without any delay gap between consecutive patterned preambles.
The Patterned Preamble algorithm operates below. 1. The transmitter has to send out patterned preamble before synchronization. Patterned preamble has 2 phases of transmit and receive. After that, the transmitter will send out this patterned preamble as long as the receiver is in sleep period, which means the transmitter will repeat to transmit preamble and wait to receive ack preamble for the duration of sleep period.
2. As shown in Fig. 3 , every neighbor node besides the transmitter will get patterned preamble, and know about destination address information. Neighbor nodes can get back to sleep mode as soon as they know that they are not the destination node of this preamble.
3. The transmitter will stop sending out patterned preambles when it receives ack in Receive Ack Preamble phase. Then, it will start to transmit a data packet. Suppose that the transmit preamble is corrupted due to transmission error and one of the neighbor nodes that is not the destination responds with ack during the Receive Ack Preamble phase. In this case, the transmitter can realize that it is not from the right destination by checking the address in the ack. As a result, the transmitter will ignore this ack and continue to send out patterned preamble.
4. If the transmitter does not get any ack in the Receive Ack Preamble phase, it will continue to send out patterned preamble.
Scenarios
In this chapter we are going to show how patterned preamble MAC solves the B-MAC's primitive problems. We will show the scenarios of our proposed MAC algorithm in order to understand the advantages of our MAC. Figure 3 shows the case of no data traffic in the network. When there are no nodes trying to transmit a packet, our patterned preamble MAC is working similar to the previous B-MAC. The only one difference is that our proposed MAC uses a little longer awaken time than B-MAC. This is because we need to listen to a little longer time than previous preambles, in order to figure out patterned preamble. However, this extension of awaken time doesn't care the sleep period. Which means if we use 2 second of sleep period, the awaken time ratio will be same with B-MAC, and if we use over 2 second of sleep period, this ratio will be better performance than B-MAC. But actually, overhead of this awaken time is almost similar and does not affect the low power performance a lot.
As shown in Fig. 4 , scenario 2 describes a simple operation of our MAC algorithm in the real network field and also shows us the comparison of our MAC and B-MAC's performance. Node B represents transmitter, node D represents receiver, and node A and C represent neighbors. And we assume that every node is located in 1 hop area.
As already mentioned above, the transmitter (B) ac- cesses the channel through CSMA/CA and sends out patterned preamble in order to inform to the destination node. While node B is doing patterned preamble job, nodes A and C are awake as shown in Fig. 4 . After nodes A and C notify that destination address of this preamble is not for them, they just go back to sleep. Finally the destination node (D) wakes up and receives patterned preamble from node B. The next sequence is that the receiver (D) will send out Ack preamble. The transmitter (B) will get ready to synchronize and communicate with the receiver (D).
Advantages
Our proposed MAC algorithm is very similar to B-MAC's concept: especially the concept of using CSMA/CA mechanism and asynchronously synchronized style with preambles. This architecture gives advantage of low power function for both MAC protocols. It is because this architecture can easily extend a sleep period, compared to other protocols like S-MAC [1] .
But B-MAC's extended long term preamble makes channel utilization and multi hop packet delay worse. Also, the preamble overhead increases as with network traffic. That means extended long preamble used for low power function will decrease low power performance.
This problem is what we focus on and try to solve. Our patterned preamble algorithm does not make channel utilization and multi hop packet delay worse. Even though network traffic increases and longer sleep period is adopted for our MAC, channel utilization, multi hop packet delay, low power performance, and overhead of preamble will not be affected.
Performance Evaluation
We have implemented the proposed MAC protocol with the Mica2 sensor node on TinyOS-1.x [5] . Mica2 has CC1000 RF module and Atmega128 MCU. Even though CC2420 RF module has better performance, CC1000 was adopted instead because it is possible to control the preamble bytes as desired. Thus, we have decided to use the Mica2 platform for convenience. Figure 5 represents a state transition diagram of transmit mode. After channel access through CSMA/CA, the state is to be set "SENDING TOKEN" which means sending out preamble.
Transmit Mode
The state is to be set "READING ACK" after sending out preamble is done. "READING ACK" state means that transmitter waits for Ack preamble from destination node. The state transition will be set to "SENDING DATA" when it receives Ack preamble, or else state transition will be set to "SENDING TOKEN" state. Figure 6 represents a state transition diagram of receive mode. Every node will be set to "IDLE STATE" after awake from sleep mode. If they detect preamble bytes, the state will be set to "READING FRAME" which makes sure whether the received signal is preamble or not. If it is preamble bytes, the state will be set to "READING TOKEN" which checks destination address of this preamble. If the destination address is the same as itself, the state will be set to "SENDING ACK" which sends out Ack preamble to transmitter. After sending out Ack preamble, the state will be set to "RX STATE" which receives data packet. 
Receive Mode

Experimental Results
For our experiments, we used mica2 platform. The test-bed environment was indoor. We set up our test-bed to evaluate channel utilization, which implies packet throughput through 1 channel. As already mentioned above, our proposed patterned preamble MAC has many advantages compared to B-MAC. It has advantages of low power, channel utilization, packet throughput, multi hop packet delay issues. In this case, channel utilization is able to represent low power, packet throughput, and multi hop packet delay.
The test setup for channel utilization is like this: The test results are shown in Fig. 7 . At first we need to understand what this result means. One packet per second represents higher overhead, because each node has 1 second period of sleep time. Especially for B-MAC this theory is correct. However, the network has enough free time to send many packets which length is only 36 bytes. Our patterned preamble MAC doesn't need to send whole preamble time if they can be synchronized earlier. Our patterned preamble MAC achieves outstanding performance of channel utilization. Even though the number of node is increased, the patterned preamble MAC is not affected a lot.
In addition, the channel utilization implies the better performance of low power function, multi hop packet delay. Our pattered preamble MAC is able to achieve extremely low power consumption by using very long period of sleep time, like over 2 second. Even if B-MAC is able to use long period of sleep time, it causes high overhead of preamble. As a result, this overhead will make every sensor nodes wake up and waste energy.
Conclusions
In this paper, we have proposed our Patterned Preamble MAC protocol. The Patterned Preamble MAC overcomes most of B-MAC's disadvantages. Our MAC protocol provides extremely low-power operation while its network performance improves significantly in terms of channel utilization and delay. To solve the B-MAC problems inherent in the transmission mode, our MAC protocol suggests a new preamble technique by placing some control information on the preamble with some pattern. In summary, the preamble is used not only for synchronization, but it is also used for handshake purposes between sender and receiver to get ready prior to actual data transmission.
